We report the first detection of rotational transitions of methyl formate (HCOOCH 3 ) in the first torsionally excited state (v t = 1). Recent progress on assignment of the methyl formate spectra in laboratory made it possible to assign about 20 unidentified lines in Orion KL from previous line surveys below 200 GHz to the first torsionally excited methyl formate. The obtained rotational temperature and the column density in the first torsionally excited state were 44 ± 10 K and (8.6 ± 3.2) × 10 14 cm −2 , respectively. They were compared with those in the ground state.
Introduction
Methyl formate (HCOOCH 3 ) is one of the molecules responsible for many rotational transitions in space, and more than 500 lines in the ground state (Lovas 2004 ) have been detected since its interstellar discovery in Sgr B2 (Brown et al. 1975) . Large saturated organic molecules like methyl formate are often found in hot cores in massive star forming regions. Such molecules were thought to be formed in hot regions by gas-phase reactions after evaporation of parent molecules such as CH 3 OH from grain mantle (e.g., Millar et al. (1991) ). However, gas-phase production has now become questionable (Horn et al. 2004 ) and studies of hot core chemistry related to methyl formate were stimulated (Garrod & Herbst 2006) . Recently HCOOCH 3 was also observed in low mass star forming regions (Cazaux et al. 2003; Bottinelli et al. 2004; Sakai et al. 2006) . It is proposed by Sakai et al. (2006) that the spectral lines of HCOOCH 3 could be used to study the very beginning stage of star formation. These new observations have led to a new suggestion that the spectral line of HCOOCH 3 can be a potential tracer to monitor an onset of star formation activity.
Torsionally excited methanol has already been observed in hot molecular cores (Lovas et al. 1982; Hollis et al. 1983; Menten et al. 1986; Voronkov et al. 2002) . It is feasible that some unidentified lines (U-lines) are due to methyl formate in its torsionally excited state. However, the assignment of the torsionally excited state is generally more difficult, because the internal rotation makes the spectra very congested, the splitting due to A/E torsional symmetry becomes larger than the ground state, and the Boltzmann distribution makes signal weaker. Recent studies (Odashima et al. 2003; Ogata et al. 2004 ) report the successful assignment of laboratory spectra of methyl formate in the first torsionally excited state (v t = 1) which lies near 135 cm −1 (∼200 K) above the ground state. In this study, we give the first report that about 20 U-lines previously detected in Orion KL are identified as methyl formate in its first torsionally excited state.
Comparison with the Previous Observations
As a rather warm and well-surveyed source, Orion KL was the first candidate to be considered. Spectra of Orion KL Mauersberger et al. 1988; Ziurys & McGonagle 1993; Combes et al. 1996) and those obtained in laboratory were compared and the results are summarized in Table 1 . About 20 lines are identified as HCOOCH 3 (v t = 1). All the observed position in these references is the same considering the spatial resolution of telescopes. The observed frequencies in Combes et al. (1996) were not listed in the paper and were taken from Lovas's web site (Lovas 2004) . Two transitions in the ground state already identified in Ohishi et al. (1988) are listed together as reference. U-lines reported by Turner (1989) and Johansson et al. (1984) for Orion and Sgr B2 were also checked, however the definite conclusion was not obtained. Other U-line data from references (Saito et al. 1989; Jacq et al. 1990; Lee et al. 2001) for Orion and for Sgr B2 (Cummins et al. 1986 ) were also considered since the methyl formate transitions in the ground state were found, but no U-lines were found to match the transitions in torsionally excited states.
Discussion
Among references used for Table 1 , the quality of data by Ohishi et al. (1988) is the best considering its use of the acousto-optical radiospectrometer (AOS) of 250 kHz resolution and we mainly concentrate on the comparison between these data and the laboratory data. The observed frequencies for v t = 1 (at V LSR = 9 km s −1 ) are always systematically larger than the laboratory frequencies by about 400 -600 kHz and the linewidth is about 1.8 -2.7 km s −1 . The linewidth of those in the ground state was nearly the same. In addition, transitions of the same rotational quantum numbers with both A/E torsional symmetries are observed. These facts support the firm identification of methyl formate in the first torsionally excited state in Orion. The systematic frequency shift relative to the laboratory frequency can be corrected by adjusting the V LSR from 9 km s −1 to 7.2 -7.8 km s −1 . Only rest frequencies are referred in Table 4 of Ohishi et al. (1988) for methyl formate (v t = 0) and its V LSR was not explicitly shown. The observed frequencies of methyl formate (v t = 0) coincides well with the laboratory frequencies when V LSR was set to 9 km s −1 (Saito et al. 1989) . This observational condition is quite similar to Ohishi et al. (1988) and assuming V LSR of about 9 km s −1 for the ground state would not be unrealistic. Methyl formate in v t = 0 and v t = 1 can possibly exist in different velocity components.
The rotational temperature and column density were also deduced based on the data of Ohishi et al. (1988) by the conventional method (e.g. Turner (1991) ), assuming optically thin condition. The rotational temperature diagram is shown in Figure 1 . The integrated intensity was obtained by assuming a Gaussian line profile. Use of the data in the first torsionally excited state gave the rotational temperature of 44 ± 10 K and column density of (8.6 ± 3.2) × 10 14 cm −2 . To obtain the column density of methyl formate (v t = 1) it was assumed that methyl formate (v t = 1) is an independent molecule to methyl formate (v t = 0). The energy of the torsionally excited state is shifted by 133.9 cm −1 which corresponds to the energy of the lowest rotational state (0(0,0)E) in the torsionally excited state above the ground state.
The errors were estimated from the least square fitting errors and not from the observational error of the brightness temperature that is not shown in the original paper. The error caused by rotational constants was also ignored since it was expected to be small compared to the fitting errors. It was noted that the linearity improves when the 97577.278 MHz line (E u = 38.3 K in Figure 1 ) that could be disturbed by the strong adjacent CH 3 OH transition is removed, but the rotational temperature and column density remain within the current errors. The rotational temperature and column density for the ground state obtained by Turner (1989) are 61.4 K and 6.6 × 10 15 cm −2 , respectively. Ziurys & McGonagle (1993) reported rotational temperature of 52 K and column density of 7.7 × 10 14 cm −2 , respectively. Our rotational temperature is similar to these values whereas the column density is rather high considering that methyl formate is in the first torsionally excited state. The large population in the torsionally excited state is consistent with the high vibrational temperature obtained as follows.
We also calculated the vibrational temperature by global fitting of the data of the ground and excited state based on the data given by Ohishi et al. (1988) . Only one transition for v t = 0 was available for the deduction since the other transition is overlapped. The obtained vibrational temperature is 82 ± 3 K considerably higher than the rotational temperature. Similar disagreement was noted in the case of the torsionally excited methanol (Lovas et al. 1982) where the temperature obtained by the global analysis of the v t = 0 and v t = 1 data was called as the rotational temperature rather than the vibrational temperature used in this paper. The vibrational temperature and rotational temperature (based on v t = 0) was 126 ± 20 K and 73 ± 25 K, respectively. Hollis et al. (1983) also reported rotational temperature of CH 3 OH in v t = 0 and v t = 1, separately and obtained 89 ±15 K and 213 ±60 K, respectively. It would be safer to assume higher error in our vibrational temperature since an unidentified line is overlapped at lower frequency side of the only available line in v t = 0 used for calculation. Therefore, further discussion should be avoided.
The original spectrum in Ziurys & McGonagle (1993) were looked into and some unreported features where the corresponding component of A or E torsional symmetries was expected were noted. The rest frequency and assignment is also shown in Table 1 . Their data shows positive and negative frequency shift and the linewidth varies, possibly due to its lower resolution or existence of overlapping lines. Future confirmation is desirable.
The transitions of molecules in torsionally excited states are of great importance to identify the U-lines and to study physical condition and hot core chemistry of star-forming regions. Actually in the independent study, torsionally excited methyl formate and ethyl cyanide have been recently unambiguously detected for the first time in the hot core W51e2 in the 80-250 GHz spectral range (Demyk et al. in prep., private communication) . We plan to continue working on assigning transitions in torsionally excited states from this point of view. 
